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The use of tungsten-containing materials has been investigated for
many applications, such as chemical sensors [1], electrochemical cells
[2], electrochromic devices [3], and catalysis [4]. Concerning the last
item, tungsten-based catalysts have been widely employed in the
metathesis and isomerization of alkenes, oxidation of unsaturated
compounds, dehydrogenation of alcohols, selective reduction of nitric
oxide with ammonia, and hydrocracking of heavy fractions in the
petroleum chemistry [5]. In order to achieve satisfactory results,
several synthetic approaches have been used for catalyst preparation,
many of which focus on the production of mesoporous and
nanostructured oxides or their impregnation into inorganic matrices
such as siliceous and nonsiliceous mesostructured materials. To this
end, sol–gel techniques, hydrothermal procedures, and structure-
directing template approaches have been widely studied [6,7]. It is
noteworthy that particular attention has been paid to the synergic
effect resulting from the combination of organic and inorganic
components, which furnishes hybrid materials with unusual proper-
ties that might not be obtained with each component separately. This
combination thus confers versatility to the obtained material in terms
of composition, processing, as well as optical, mechanical, and
catalytic properties [8,9]. In this context, several metal oxides such
as MoO3, TiO2, V2O5, and WO3 have been utilized in the synthesis of
organic–inorganic hybridmaterials bymeans of a number of synthetic
approaches, for a huge variety of technological purposes [10,11]. From
a general viewpoint, tungsten-based hybrid materials have not been
explored as much as other oxides, despite their electrochemical andcatalytic properties, for example. Indeed, few reports have described
that some tungsten-based systems are efﬁcient catalysts for the
epoxidation of alkenes, which in turn is an important step in the
synthesis of intermediates and precursors of many useful chemical
products [12–14]. More speciﬁcally, efforts have been done made
toward the synthesis of new catalytic materials with open structures
and pores in the mesoporous range as well as lamellar phases of
mesoscopic dimensions. In this sense, we report on the synthesis and
characterization of a new hybrid lamellar compound involving
intercalation of cetyltrimethylammonium bromide (CTAB) and n-
hexadecylamine (HDA) into the interlayer space of the WO3 xerogel
(WO3/CTAB/HDA). Investigation of the catalytic properties of the
resulting mesostructured lamellar material in the oxidation of cis-
cyclooctene, styrene, and cyclohexane was carried out by employing
hydrogen peroxide (H2O2), terc-butyl hydroperoxide (t-BOOH), orm-
chlorperbenzoic acid (m-CPBA) as oxygen transfer agent was also
carried out. The utilization of a mixture of CTAB and HDAmolecules in
the synthesis was effective in templating an ordered inorganic–
organic lamellar mesophase. In addition, HDA molecules induced a
higher hydrophobic character in the interlamellar domain, leading to
facile diffusion of the substrate molecules, consequently, favoring the
catalytic process in epoxidation reactions. In order to improve the
stability of the ordered mesophase, the effect of introducing
magnesium ions into the tungsten framework was also examined.
2. Experimental
2.1. Chemicals
The ternary hybridmaterial was synthesized from sodium tungstate
(NaWO3, 99%, Merck), cetyltrimethylammonium bromide (CTAB,
Merck, 95%), n-hexadecylamine (HDA, Merck, 99%), and magnesium
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Fig. 1. Powder X-ray diffraction patterns of the WO3 xerogel composite (a) and the
WO3/CTAB/HDA material (b).
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purity and were used without further puriﬁcation, unless otherwise
stated. The water employed in all experiments was puriﬁed by a
Milli- Q/Gradient system fromMillipore. Acetonitrile (J. T. Baker, 99.9%,
HPLC grade) was used as solvent for all the reactions. Cis-cyclooctene
(Acros Organics 95%), was previously puriﬁed on a short alumina
column (150 type T) immediately before the oxidation reactions.
Styrene (Acros Organics), cyclohexane (J.T. Baker, 99.0%, HPLC grade),
m-chlorperbenzoic acid (Acros Organics), terc-butyl hydroperoxide
(Acros Organics, 70% inwater), and hydrogen peroxide (Acros Organics,
70% in water) were utilized without prior puriﬁcation. Bromobenzene
(Acros Organics) was employed as internal standard.
2.2. Preparation of ternary hybrid material
The synthesis of themesostructured lamellar tungsten oxide xerogel
was carried out following an adapted procedure described elsewhere
[15]. A sodium tungstate aqueous solution 0.10 mol dm−3was added to
a dilute hydrochloric acid (pH=3) solution containing a mixture of the
surfactants cetyltrimethylammonium bromide (CTAB) and hexadecy-
lamine (HDA) at a 1:1 molar ratio, as well as magnesium chloride
0.003 mol dm−3. Themixturewas stirred at room temperature for 48 h
and then aged at room temperature for 7 days. Finally, the solid product
was recovered by ﬁltration, washed with distilled water until neutral
pH, and dried at 60 °C for 24 h. The resulting material (labeled WO3/
CTAB/HDA) presented a white color, BET speciﬁc surface area (SSA) of
165±17m2/g, and pore volume of 0.14±0.02 cm3/g.
2.3. Catalytic studies — oxidation of hydrocarbons
The oxidation of three hydrocarbons, namely cis-cyclooctene,
styrene, and cyclohexane, was studied. The oxidation reactions were
performed under reﬂux, using acetonitrile as solvent, and heating at
25 °C or 60 °C, under magnetic stirring. To this end, 3.0 mg catalyst
was added to the hydrocarbon (0.5 mmol). In the reactions, terc-butyl
hydroperoxide (t-BOOH), m-chlorperbenzoic acid (m-CPBA), or
hydrogen peroxide (H2O2) was used as oxidant. The catalyst/
oxidant/substrate molar ratio was 1:1000:20,000.
2.4. Characterization and measurements
Powder X-ray diffraction (PXRD) patterns were recorded at room
temperature, on a SIEMENS D5005 diffractometer, using a graphite
monochromator and CuKα radiation (1.5405 Å, 40 kV, 40 mA). The
scanning range was 2–50°, with a 0.020° step. Specimens were
prepared in the ﬁlm form and deposited onto a glass plate
(2.0 cm×2.0 cm×2.0 mm). Scanning electron microscopy (SEM) in-
vestigations were carried out on a Zeiss DSM 940 microscope (operated
at 20 kV). Samples in the ﬁlm form were deposited on an aluminum
sample holder and covered with a thin gold layer (≈20 Å) by means of a
Sputter Coater — Balzers SCD 050. Fourier-transform infrared spectra
(FTIR)were acquired from4000 cm−1 to 400 cm−1 on a BomemMB100
spectrometer, with the samples dispersed in KBr (2% w/w) and pressed
into pellets. Nitrogen adsorption and desorption isotherms were
measured using a NOVA 1200 instrument from Quantachrome Corpora-
tion. High pure nitrogen was employed as adsorbate, and liquid nitrogen
was used as freezing bath. Data treatment was accomplished using the
NOVA Gas Sorption Analyzer software — version 5.01. The thermogravi-
metric data were registered on a Thermal Analyst equipment model
2100-TA in air atmosphere and at a heating rate of 10 °C min−1. As for the
catalytic study, the productswere analyzed by Gas Chromatography (GC)
on a Varian Star 3400 CX chromatograph, equipped with a ﬂame
ionization detector and a DB-Wax (1 μm thickness) megabore column
(30 m×0.538mm).Nitrogenwasused as the carrier gas. The resultswere
recorded andprocessed on a VarianWorkstation. Productswere analyzed
by comparison of their retention times with those of authentic samples.The yields were calculated on the basis of the amount of added oxidant
and determined after 4 h of reaction. Control reactionswere conducted in
the absence of the catalyst.
3. Results
Fig. 1 shows the powder X-ray diffraction (PXRD) patterns for the
WO3·H2O xerogel (Fig. 1a) and for the WO3/CTA/HDA ternary hybrid
compound (Fig. 1b). The differences between the diffraction pattern
of the WO3·H2O xerogel matrix and that of the novel ternary hybrid
material indicate a signiﬁcant change in the structure of the original
material. The WO3·H2O xerogel sample (Fig. 1a) displays three peaks
indexed as (020), (200), and (002), which are diffraction peaks
associated with typical orthorhombic tungsten oxide hydrate [16]. In
contrast, Fig. 1b reveals that the framework of the WO3·H2O xerogel
matrix undergoes signiﬁcant structural modiﬁcation during incorpo-
ration of the mixture of surfactants CTAB and HDA [17]; i.e., no peaks
due to the matrix are detected in the hybrid material.
Fig. 2 corresponds to the infrared spectra of the tungsten oxide
xerogel, of the surfactants CTAB and HDA, and of the hybrid material
WO3/CTAB/HDA. For the tungsten oxide xerogel, the band at
946 cm−1 is ascribed to the W–O stretching of the W=O group. The
bands at 718 cm−1 and at 591 cm−1 are related to the νasym(W–O–
W) and νsym(W–O–W) vibrationmodes associatedwith the tungsten-
oxide bridges, respectively [18]. In the spectrum of CTAB, bands at
2920 and 2850 cm−1 arise from the CH2 asymmetric (νasym CH2) and
symmetric (νsym CH2) stretching vibration modes of the alkyl chain,
respectively [19]. The band at 1470 cm−1 is assigned to the
asymmetric mode of the head [(CH3)3N+−] methyl group, which is
sensitive to the packing of the headgroup. The spectrum of HDA
exhibits the absorption peaks due to C–H symmetric and asymmetric
stretching (2916 and 2854 cm−1), C–C stretching (1391 cm−1), and
CH2 bending (1506 cm−1) [20].
In order to analyze the thermal behavior of the WO3/CTA/HDA
ternary hybrid compound, TGA experiments were carried out, as
shown in Fig. 3. At a ﬁrst glance, no stable intermediate is evident in
the course of the thermal evolution, and four stages can be
distinguished along the heating process.
Scanning electron microscopy images of the WO3/CTAB/HDA hybrid
material aredepicted in Fig. 4,wherea sheet-likemorphology is observed.
The ternary hybrid WO3/CTAB/HDA compound was tested as
catalyst in the direct epoxidation of alkenes. The results (products
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Fig. 2. FTIR spectra of the WO3 xerogel composite (a), CTAB (b), HDA (c), and the WO3/
CTAB/HDA materials (d).
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cyclohexane employing hydrogen peroxide (H2O2), terc-butyl hydro-
peroxide (t-BOOH), or m-chlorperbenzoic acid as oxygen transfer
agent are shown in Tables 1–3, respectively. No substrate conversions
were detected in the absence of the hybrid material, so all the
observed substrate conversions were the result of the catalytic
process. It should be noted that the tungsten oxide xerogel exhibited
low epoxidation yield (typically less than 7%) and poor selectivity. In
other words, compared to the pure xerogel, the hybrid WO3/CTAB/
HDA compound led to higher conversions in epoxidation reactions
and good selectivity, mainly in the case of styrene and cyclohexane
substrates, as will be discussed below.4. Discussion
The hybridmaterial changes to a white color within a fewminutes,
and its PXRD pattern (Fig. 1b) evidences formation of an intercalation
compound, consistent with the intercalation chemistry of layered
structures. The interlayer distance, as calculated from the 00l100 200 300 400 500
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Fig. 3. Thermogravimetric curve of the WO3/CTAB/HDA hybrid material (a), and the
curves of the HDA and CTAB (insert).reﬂections, augments from 0.54 nm to 3.66 nm. Therefore, the XRD
pattern reveals a signiﬁcant increase in the interlayer space compared
to that of the hydrated tungsten oxide, indicating that uptake of CTAB
and HDA molecules occurs concomitantly with replacement of the
weakly-bound interlamellar water molecules. In addition, a two-
phase product (corresponding to a material with interlayer d-
spacings of 3.66 and 2.81 nm) is generated, due to different
arrangements of the organic phase and varying degrees of intercala-
tion between the layers, thereby culminating in stacking faults. Taking
into account that the stretched chain length of CTA+ is almost
2.37 nm [17], and that the chain length of HAD is approximately
2.2 nm [21], and bearing in mind the increase in the interlayer
distance, it is reasonable to assume that the guest species are oriented
perpendicular to theWO3 sheets. Also, the difference in the interlayer
distance (3.12 nm) is larger than the one that would be expected from
the CTA+ and HDA chain lengths, so the axial oxygen atoms of WO3
are interacting with the ammonium groups and protonated amine
groups in a perpendicular orientation, respectively. Considering the
length of both guest species and taking simple geometric consider-
ations for the d001 interlayer spacing (d=3.66 nm) it is possible that
the guest species adopt a bilayer arrangement with respect to the
WO3 layer. However, the diffraction pattern (Fig. 1) gives evidence of
a structure consisting of two different interlayer distances, d001=3.66
and d001′=2.81 nm, thus leading to the coexistence of a bilayer and
interdigitated arrangement within the host structure. In addition, the
tilt angle for the interdigitated arrangement cannot be estimated
accurately, from the interlayer distance only, because this angle is
sensitive to the distance between neighboring adsorbed molecules
and the average size of the headgroups. Thus, the resulting structure
can be described as an organic–inorganic nanocomposite consisting of
alternating stacks of WO3-like and organic layers. Furthermore, the
complete breakup of the initial WO3 structure may be due to the
strong basicity of the n-alkylamine molecule, and no diffraction peaks
related to the organic phase are detected in the PXRD pattern of the
hybrid material (Fig. 1b). Moreover, although these data indicate that
the surfactant molecules lie in the interlayer region, the presence of
surface-sorbed organicmolecules on the edges of the inorganicmatrix
cannot be ruled out.
In the infrared spectrum of the WO3/CTAB/HDA hybrid material
(Fig. 2), the frequencies of both the νasym(CH2) and νsym(CH2) modes,
2852 cm−1 and 2922 cm−1, respectively, are close to those of the
parent surfactant molecules, (2850 and to 2920 cm−1, respectively),
with small shifts, which are a consequence of the alkyl chain
conﬁnement in the host structure. In addition, the hybrid material
exhibits a broad band at 1536 cm−1, characteristic of the bending
mode of protonated hexadecylanine. This is indication that the HDA
molecule incorporated into the hybrid material is present in a
protonated form, due to the acid–base reaction between –NH2, M–
OH surface groups, and water molecules. Moreover, there is a clear
shift of the W=O band toward higher energy (978 cm−1) after
surfactant insertion. Because the frequency and width of the CH2
stretching vibration mode are sensitive to conformational disorder in
the chains, these small shifts suggest that weak interactions take place
between the surfactant molecules in the hybrid material [17]. These
shifts are probably due to electrostatic interaction between the
positive charges of the surfactant molecules and the negative charge
density of the W–O bond, suggesting a distortion of the coordination
geometry at the metal center. Besides, there is a reduction in the
intensity of the bands at 718 and 591 cm−1, assigned to νasym(W–O–
W) and νsym(W–O–W), respectively, as well as a small shift of the
νsym(W–O–W) vibrational mode (from 591 to 586 cm−1, for the
hybrid material), because of the distortion of the lamellar structure of
tungsten oxide and/or lower degree of polymerization in these
tungsten polyanions.
Concerning the TGA curves (Fig. 3), theﬁrst stage corresponding to a
weight loss of 2.1% below 180 °C can be attributed to the removal of
Fig. 4. Scanning electron microscopy (SEM) image of the WO3/CTAB/HDA material 1.30 Kx (a), 3.00 Kx (b), 5.00 Kx (c) and of theWO3 xerogel composite (d).
Table 2
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weight-loss curve are assigned to exothermic processes due to
degradation of the templating species and combustion reactions. The
second stage of weight loss, 20%, which is partially superimposed with
the previous one, occurs in the ca. 180–320 °C temperature range. This
loss would correspond to evolution of the remaining water molecules,
which should be coordinated to tungsten ions, and to thedecomposition
of organic molecules, as can be seen in the thermogravimetric curves of
the HDA and CTAB species (insert, Fig. 3). The third step, which occurs
between 320 and 460 °C with an associated weight loss of 21%,
corresponds to the evolution of the remaining organic molecules, and
this shift of the decomposition temperature is related with the rise in
thermal stability imposed by the inorganic matrix. Finally, the last step,
between 460 and 600 °C (weight loss of 4.5%), is still associated with
decomposition of organic species, however, there is an increase in the
weight around 470 °C, which can be attributed to oxygen uptake, thus
leading to the tungsten oxide.Table 1
Products yields (%) obtained from the oxidation of cis-cyclooctene using H2O2, t-BOOH,
or m-CPBA as oxidant and WO3 as catalyst.
Entry Oxidant Temperature (°C) Cis-cyclooctene oxide yield (%)
1 H2O2 25 b1.0
2 H2O2 60 11.0±0.2
3 t-BOOHa 25 6.0±0.2
4 t-BOOH 60 69±2
5 m-CPBAb 25 88±3
6 m-CPBA 60 79±3
Note: Catalyst oxidant substrate molar ratio: 1:1000:20,000. The mixture was heated at
25 or 60° under continuous stirring.
a terc-butyl hydroperoxide.
b m-chlorperbenzoic acid.The SEM images of the hybrid material (Fig. 4) reveal a sheet-like
morphology, with thickness of approximately 150 μm. This bi-
dimensional structure throughout the sample is originated from the
region previously occupied by surfactants in the interlamellar domain.
The absence of a continuous lamellar structure is attributed to the
short polytungstate chains formed in alkaline conditions. Conse-
quently, the interaction between the polytungstate chains and the
surfactant molecules is weak for formation of lamellar micelles [22].
Furthermore, the surface change detected, after addition of the
surfactants indicates the occurrence of an intercalation reaction for
these hybrid materials. This is because the materials exhibit a lamellar
arrangement, corroborating the diffraction results and the FTIR
spectral analysis.Products yields (%) obtained from the oxidation of styrene using H2O2, t-BOOH or m-
CPBA as oxidant and WO3 as catalyst.
Entry Oxidant Temperature
(°C)
Products
Styrene
oxide yield
(%)
Benzaldehyde
yield (%)
Phenylcetaldehyde
yield (%)
1 H2O2 25 – – –
2 H2O2 60 26±1 2.0±0.1 –
3 t-BOOHa 25 3.0±0.1 16.0±0.4 –
4 t-BOOH 60 2.0±0.1 100±3 –
5 m-CPBAb 25 – 51±0.5 14.0±0.3
6 m-CPBA 60 4.0±0.1 6.0±0.4 2.0±0.1
Note: Catalyst oxidant substrate molar ratio: 1:1000:20,000. The mixture was heated at
25 or 60° under continuous stirring.
–: not detected.
a terc-butyl hydroperoxide.
b m-chlorperbenzoic acid.
Table 3
Products yields (%) obtained from the oxidation of cyclohexane using H2O2, t-BOOH or
m-CPBA as oxidant and WO3 as catalyst.
Entry Oxidant Temperature
(°C)
Products
Cyclohexanone
yield (%)
Cyclohexanol
yield (%)
1 H2O2 25 11.0±0.2 1.0±0.1
2 H2O2 60 26±1 2.0±0.1
3 t-BOOHa 25 100±3 –
4 t-BOOH 60 100±3 –
5 m-CPBAb 25 – 30±1
6 m-CPBA 60 – 64±2
Note: Catalyst oxidant substrate molar ratio: 1:1000:20,000. The mixture was heated at
25 or 60° under continuous stirring.
–: not detected.
a terc-butyl hydroperoxide.
b m-chlorperbenzoic acid.
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when m-CPBA is used as oxidant, which provides 88% conversion at
25 °C (Table 1). However, when hydrogen peroxide is employed as
oxidizing agent, the result is not satisfactory (11%), which is
consistent with data reported by Somma and Strukul (15% conver-
sion), for cyclooctene oxidation using WO3–SiO2 as catalyst, H2O2 as
oxidant, and reaction temperature of 70 °C [8]. In previous works,
styrene oxidation has been reported to afford benzaldehyde as the
major product when t-BOOH (16%) and m-CPBA (51%) are employed
as oxidants. In the present work, an increase in product yield in the
reaction using t-BOOH as oxidant at higher temperature. In the
reaction withm-CPBA, benzaldehyde production is also achieved, but
phenylacetaldehyde is formed as minor product. The fact that
benzaldehyde levels are relatively high in our case suggests greater
contribution from the radicalar route [23]. As for styrene oxidation,
styrene epoxide is the major product (epoxide yield=26%), but
benzaldehyde formation (yield=2%) also occurs when H2O2 is used
as the oxygen transfer agent. When the reaction is carried out under
argon, styrene oxide is obtained as the single product (Table 2). The
choice of H2O2 was based on the fact that it is considered an
environmentally clean oxidant, because the direct reaction product is
water.
As for the oxidation of cyclohexane, the best results are attained by
using t-BOOH as oxidant, which leads to 100% conversion at both 25
and 60 °C, with selective cyclohexanone formation. In contrast,
reaction employing m-CPBA is highly selective for cyclohexanol,
whereas the use of H2O2 as oxidant leads to 26% conversion (Table 3).
These results are very interesting not only because cyclohexane is a
more inert substrate than oleﬁns, but also because it is an
intermediate in the production of adipic acid, which is further used
in the production of the polymers Nylon-6 and Nylon-6,6. Indeed,
increasing the efﬁciency and selectivity of hydrocarbon transforma-
tions has been the goal of both academic and industrial research
efforts [24,25]. In this sense, the ternary hybrid WO3/CTAB/HDA
compound is a good catalyst for cyclohexane oxidation and it is highly
selective for cyclohexanone when t-BOOH is employed as oxidant
(Table 3). EvenwhenH2O2 70% is the oxidant, and despite the fact that
the reaction produces a mixture of cyclohexanone and cyclohexanol,
the amount of cyclohexanol is low, and the unreacted cyclohexane
can be extracted and easily recycled as compared to the conventional
process [24,25].
Overall, these results are comparable to those achieved with
related systems, suggesting the potential application of the ternary
hybrid material as catalyst for epoxidation reactions. For instance,
Neumann and Levin-Elad evaluated the catalytic activity of vanadium
silicate xerogel in t-butanol at 80 °C using H2O2 as oxidant, in which
the conversion of styrene to benzaldehyde was approximately 40%
[24]. A further example is the report by Shi and co-workers, whotested Ti–SiO2 as catalyst for the epoxidation of styrene using H2O2 as
oxidant in acetonitrile medium and a temperature of 65 °C. In this
condition, the latter authors obtained an epoxide yield of approxi-
mately 52% as well as 46% yield for benzaldehyde [24]. Feng and et al.
have demonstrated the catalytic property of the MoO2Cl2(OPPh2CH2-
OH)2 and WO2Cl2(OPPh2CH2OH)2 compounds for the epoxidation of
cis-cyclooctene using H2O2 as oxygen source. Both catalysts were
highly selective for cyclooctene oxide, and the tungsten compound
displayed higher initial catalytic activity as compared to the
molybdenum complex [26].
5. Conclusion
Both intercalated molecules provided a material with high speciﬁc
surface area as well as a suitable interlamellar distance, thus
facilitating the diffusional process. Besides, the organic modiﬁcation
with hexadecylamine introduced a hydrophobic character into the
interlamellar domain, which favors the intercalation of the substrate
molecules involved in the reaction. In other words, mesolamellar
xerogel tungsten oxide phase (WO3/CTAB/HDA) displays good
catalytic activity for epoxidation reactions with different oxidants.
The epoxidation activity with m-CPBA is highly selective for
cyclohexanol and cis-cyclooctene. In addition, when t-BOOH is used
as oxidant, this material is highly selective for cyclohexanone.
Furthermore, the WO3/CTAB/HDA composite has catalytic potential
for styrene epoxidation, compared with other analogous catalysts.
Overall, the preparation of ternary composites can become an
effective approach toward the improvement of the functional
performance of this class of hybrid materials. Moreover, the synthetic
route adopted herein is a simple and low-cost alternative for the
preparation of ternary hybrid materials for catalytic purposes.
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